Strained Si has been attracting attention as a new material that has high carrier mobility. Such strained Si can be produced by epitaxial growth on strain-relaxed SiGe grown on a Si substrate, because SiGe has a larger lattice constant than Si. It is important to fabricate a highly relaxed SiGe buffer layer. We consider that defect distribution can be controlled and that the highly relaxed SiGe buffer can be prepared by ion implantation into the substrate. We carried out ion implantation under several conditions. Then, Si 0:7 Ge 0:3 films with a thickness of 100 nm were grown at 650 C on the implanted substrates by the solid-source molecular beam epitaxy method (MBE). The strain relaxation of SiGe films was estimated by Raman spectroscopy. The crystallinity was observed by transmission electron microscopy. In the case of an implantation energy of 50 keV and an ion dose of 5 Â 10 13 cm À2 , the dislocation density was low and the relaxation was lower than 50%. In the case of 1 Â 10 15 cm À2 or a higher ion dose, the SiGe film became partially polycrystalline. In contrast, we succeeded in forming an approximately 80%-relaxed singlecrystal SiGe thin film when the ion dose was 5 Â 10 14 cm À2 . This means that ion implantation into the substrate before MBE growth is a good method of controlling defect introduction and producing relaxed single-crystal SiGe thin films.
Introduction
Strained Si is an attractive material because of its potential for high carrier mobility. [1] [2] [3] [4] SiGe is the most promising substrate for obtaining strained Si because the lattice constant of SiGe can be controlled by adjusting Ge concentration. On the basis of this idea, we investigate the formation of a highquality SiGe buffer layer onto the Si substrate. The advantage of using the SiGe buffer layer rather than bulk SiGe is that we can use almost all the application procedures established for Si. The SiGe buffer is required to be strain-relaxed, otherwise we cannot form the strained Si on it. Unless SiGe has a larger lattice constant than Si, it will not strain Si. For this purpose, a graded buffer method and low-temperature buffer method have been proposed. [5] [6] [7] [8] [9] However, those methods have some demerits. In order to form relaxed SiGe by the graded buffer method, 1$2 mm thickness of SiGe is necessary. The lowtemperature buffer method cannot be utilized in the gassource molecular beam epitaxy (MBE) method or chemical vapor deposition (CVD) method because of its high growth temperature. Recently, we have proposed a new method which can solve these problems. 10) In this method, ion implantation is carried out to introduce defects into the substrate, and then SiGe is grown onto the substrate. In our previous study, it was revealed that strain relaxation is highly enhanced even for very thin SiGe layers. 10) In this study, we observed the defect distribution by transmission electron microscopy (TEM) and investigated suitable ion-implantation conditions for producing a strain-relaxed SiGe thin film.
Experimental Procedure
Commercially available Si (100) wafers were utilized in this study. Ar ions were implanted at room temperature on Si (100) substrates. The implantation energy was 50 keV. Ion doses were varied from 5 Â 10 13 to 5 Â 10 15 cm À2 . Then the substrates were chemically cleaned with NH 4 OH + H 2 O 2 reagent for 300 s and H 2 SO 4 + H 2 O 2 reagent for 600 s. Each cleaning process was followed by HF treatment for 30 s to remove SiO 2 and form H-terminated surfaces. Then we set the substrates in the MBE chamber and heated them at 700 C for 600 s for thermal cleaning. After this cleaning, SiGe films were grown on the ion-implanted Si substrates at 650 C. Ge concentration was estimated to be approximately 30 mol% by X-ray diffractometry. Raman spectroscopy was utilized to estimate the strain relaxation ratio.
We prepared specimens for TEM observations by the ionmilling method. Then we observed the microstructure of SiGe/Si using a TEM with an acceleration voltage of 200 kV.
Results and Discussion
We used the programs which were developed by Ziegler et al. to estimate the distribution of introduced defects. 11, 12) The simulated results showed that point defects were induced in the substrate from the surface to a depth of 100 nm under our experimental conditions. We expected that these induced defects around the surface of the substrate would enhance the dislocation formation in the grown SiGe layer. Figure 1 is a cross-sectional TEM image of SiGe grown on a Si substrate without implantation. The thickness of the SiGe layer is approximately 100 nm. The relaxation ratio of this specimen, estimated from the peak shift of Raman spectrum, is approximately 45%. This is too low for the fabrication of strained-Si devices. The TEM image, Fig. 1(a) , is compatible with this result. Dark regions at the interface between the SiGe layer and Si suggest that there are defects. However, there are only a few dislocations in the SiGe layer. This dislocation density is too low to relax the SiGe layer. Figure 2 is the TEM image of SiGe grown on the Si substrate ion-implanted at a dose of 5 Â 10 13 cm À2 . There are still only a few dislocations in the SiGe layer. Figure 3 shows the TEM image and the diffraction pattern of SiGe grown on the Si substrate ion-implanted at a dose of 5 Â 10 14 cm À2 . This specimen exhibits a high relaxation ratio of approximately 80%. The TEM image, Fig. 3(a) , is compatible with this relaxation behavior. There are many dislocations which relax the lattice strain. In addition, there are different defects in this specimen. Figure 3(a) shows the contrast of stacking faults and twin boundaries. The diffraction pattern, Fig. 3(b) , shows streaks which mean there are planar defects. There are also extra spots which indicate the existence of {111} twins of fcc crystals. Surface roughening seemed to start as an adverse side effect of ion implantation. However, we succeeded in forming singlecrystal SiGe with a high relaxation ratio even though the thickness of this film was only 100 nm. Figure 4 shows the TEM results of the specimen grown on the substrate ion-implanted with a dose of 1 Â 10 15 cm À2 . The relaxation ratio of this specimen was 95%. Both the bright-field image (Fig. 4(a) ) and the diffraction pattern (Fig.  4(b) ) indicate that the SiGe layer of this specimen is partially polycrystalline. Figure 5 shows the TEM results of the specimen grown on the substrate implanted with a dose of 5 Â 10 15 cm À2 . The relaxation ratio was 95%. The surface region of the Si substrate was amorphous and the SiGe layer was polycrystalline. Furthermore, there were some voids, which might have been caused by residual Ar, at the interface between the SiGe layer and the Si substrate.
We observed many dislocations in the SiGe thin films grown on the implanted substrates. Most of the defects induced by ion implantation must be point defects, and the point defects are considered to enhance dislocation introduction. The strain in the SiGe was relaxed even though the cm À2 at the ion implantation energy of 50 keV. The strain relaxation was inadequate in the case of a lower ion dose, and the crystal quality was unsatisfactory in the case of a higher ion dose.
Summary
We studied the crystallinity of the heterostructure of SiGe thin films grown onto the Ar-ion-implanted Si substrates, and we revealed the relationship between the enhancement of strain relaxation and the microstructure.
We succeeded in forming an about 80%-relaxed singlecrystal SiGe thin film when the implantation energy and the ion dose were 50 keV and 5 Â 10 14 cm À2 , respectively. This specimen exhibited a high relaxation ratio, even though it was very thin, 100 nm. In this specimen, there were many dislocations. It was inferred that the point defects were introduced by ion-implantation into the substrate before the SiGe growth and they enhanced the introduction of dislocations.
The quality of the SiGe film was not satisfactory from the viewpoints of surface roughness and crystallinity. Further effort is required to solve these problems. The growth temperature and the implantation conditions should be optimized. 
